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The higher order auditory cortex is involved in the
assignment of affective value to sensory stimuli

Anna Grosso!, Marco Cambiaghi', Annamaria Renna’, Luisella Milano', Giorgio Roberto Merlo?,
Tiziana Sacco' & Benedetto Sacchetti'3

The sensory cortex participates in emotional memory but its role is poorly understood. Here
we show that inactivation of the higher order auditory cortex Te2 in rats during early memory
consolidation impairs remote first- and second-order fear memories but not the association
between two neutral cues. Furthermore, Te2 inactivation prevents changes in the valence of
such information. Following the presentation of two auditory cues previously paired with
either pleasant or painful stimuli, a large percentage of cells responds to both experiences but
also a small fraction of neurons responds exclusively to one of them. The latter type of
neurons signals the valence rather than the salience or the motor responses associated with
the stimuli, and reflects selective associative processes. Pharmacogenetic silencing of
memory-activated neurons causes amnesia. Thus, Te2 represents a crucial node for the
assignment of the affective value to sensory stimuli and for the storage of such information.
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ncoding and retrieving memories of past emotional events

are key functions of the brain. How and where in the brain

sensory stimuli are linked to their affective charges are,
however, far from being defined. The amygdala and other nuclei,
such as the nucleus accumbens and the ventral tegmental area,
play a key role in this process!™. In addition, starting in the
mid-1980s, Scheich and colleagues”® and Weinberger et al.>!°
discovered learning-evoked changes in the auditory cortex. Since
then, an increasing number of studies has emphasized that the
auditory cortex, whether primary or higher order, is critically
involved in associative and higher cognitive processes. Thus, the
initial view that the auditory cortex is mostly a stimuli’s analyser
that transmits sensory information to the amygdalal, especially
for more comglex auditory stimuli, is changing in favour of more
complex roles” 1!

In support of this notion, we recently identified higher order
components of the sensory cortices, in particular the temporal
auditory cortex Te2, that are essential for the storage of remote,
but not recent, fear memories'2. These cortices are anatomically
and functionally connected to the primary cortices and to
subcortical nuclei'®~!°, such as the amygdala and the nucleus
accumbens. Therefore, these higher order cortices may represent
sites where sensory and emotional information converge, so that
sensory stimuli become linked to their emotional values. In the
present study, we sought to address this question. We found that
the Te2 is involved, shortly after training, in the formation of
remote fear memories obtained through both first- and second-
order conditioning protocols, while the same area is not necessary
for pairing two neutral stimuli. Moreover, during the recall of
remote fear memories, a small fraction of neurons in Te2 is
activated by the particular valence, but not by the salience
previously associated with the sounds. These neurons reflects
selective associative processes linking sensory cues to emotional
representations. Pharmacogenetic silencing of Te2 neurons
activated by fear memories results in amnesia only for fear, but
not for appetitive, information. We interpret these data to mean
that higher components of the auditory cortex are necessary for
the encoding and storage of the affective meaning that has been
associated with sensory stimuli during an experience.

Results

Te2 is involved in the formation of remote fear memories. Our
previous study showed that irreversible lesions of Te2, 1 day after
rats were trained to associate a tone (conditioned stimulus, CS) to
a foot shock (unconditioned stimulus, US), did not impair the
recall of recent fear memories'2. Here we investigated if at this
time point Te2 is recruited for the early consolidation of remote
fear memories (Fig. 1la). To block memory consolidation
processes without interfering with the acquisition or retrieval
phases, we employed a reversible inactivation technique. Rats
were trained to associate a tone (CS) with an inescapable foot
shock (US) and, 1 day later, Te2 was inactivated by injection of
tetrodotoxin (TTX), a sodium channel blocker!®!7. Memory
retention was assessed 1 month later by measuring freezing
in response to the CS. Freezing was significantly lower in
TTX-treated animals than in sham-treated control rats, indicating
that Te2 is recruited early after training to form remote memories
(Fig. 1b). When the TTX-treated rats were retrained in the fear
conditioning protocol and retested after 1 day, they showed no
impairment (Fig. 1b), indicating that they retained the ability to
learn new memories.

Because TTX blocks both local neurons and fibres of passage,
we repeated the experiments using muscimol, a GABA 4 receptor
agonist that reversibly blocks only local neurons!'8, When tested 1
month later, muscimol-treated rats displayed amnesia (Fig. 1c,d).

2

Because amnesia was observed 1 month after the administration
of TTX or muscimol, it cannot be ascribed to the drugs’
functional impairment of Te2 at the moment of the test, and Nissl
staining confirmed the absence of any permanent tissue damage
(Supplementary Fig. 1). We also observed similar amnesic effects
in animals treated with TTX in the secondary visual cortex
shortly after conditioning to a visual CS (Supplementary Fig. 2),
suggesting that the early cortical involvement in the emotional
memory storage extends beyond the auditory system.

In another experimental group, TTX was injected 1 day after
training, as before, but memory retention was tested after only
1 week (Fig. le). Freezing response in TTX-treated animals was
similar to that of sham-treated controls (Fig. 1f). These data
confirm that Te2 is not necessary for the formation of recent
memories, as we already showed!?.

Altogether, these findings indicate that Te2 activity is required
early after training for the formation of remote, but not recent,
fear memories. Because remote, but not recent, hippocampal-
dependent memories also require cortical processes early after
training to form!”, this early engagement of cortical structures
may be a general rule.

Recent studies reported that motor activitg influences auditory
processes in the primary auditory cortex'°-22. Thus, the auditory
cortex, including Te2, may be part of a sensorimotor system that
links auditory stimuli to specific motor responses. To determine
whether the reduced freezing response in TTX-treated animals
was the expression of an impaired association between a given
motor response and the CS, we tested memory retention using a
light-dark box (Fig. 1g). Rats were trained to associate the CS to
an inescapable foot shock so as to elicit conditioned freezing
response, as before. One month later, animals were put in the
light-dark box and the CS began when the animal was exploring
the lighted chamber; the animal could seek refuge in the dark
chamber to avoid the CS. Such avoidance behaviour is an innate
response to danger, not a conditioned response as a result of
pairing with the CS?®. TTX-treated rats spent significantly less
time in the dark (lower avoidance response) than did sham-
treated controls (Fig. 1h). These results indicate that Te2
inactivation during early consolidation impairs innate reactions
to a learned threat, and suggest that the role of Te2 in emotional
learning goes beyond the association of sounds to specific motor
reactions.

In a similar experiment, rats underwent fear conditioning
followed, 1 month later, by irreversible Te2 lesioning with
N-methyl-p-aspartic acid (NMDA)!2 (Fig. 1i). NMDA-treated
rats had a significantly lower avoidance response than did sham-
treated controls (Fig. 1j), indicating that the role of Te2 in remote
memory storage/retrieval is not limited to linking CSs to specific
motor responses.

Te2 associates sensory cues with their affective properties. Our
findings raise the important question of what information about
the CS is encoded in Te2. Emotional learning involves several
processes: the elaboration and the subsequent memorization
of the sensory features of CS and US (‘perceptual learning’),
associative processes linking sensory stimuli (‘S-S learning’), and
finally the association between the CS and the value and/or
the responses of the US with which the CS has been paired.
Many learning paradigms, such as first-order fear or appetitive
conditioning, engage these processes simultaneously and thus
do not allow them to be studied separately. We therefore opted
for another approach to circumvent these obstacles. We used
two related learning paradigms—sensory preconditioning and
second-order fear conditioning. In sensory preconditioning,
animals are trained to associate two distinct neutral sensory
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Figure 1| Te2 is necessary for the early formation and the subsequent storage of fear memories, independent of the motor responses paired to
learned fear stimuli. (a) Experimental design for remote memory testing after first-order fear conditioning; Musc, muscimol; TTX, tetrodotoxin.

(b) Freezing was measured during the CS presentation (CS) in saline-treated (Saline, n=13) and TTX-treated (n=13) rats. TTX-treated animals displayed
amnesic effects (Student's t-test, t,, =11.80, P<0.001). Amnesic rats were able to form and retain new memories (Re L, t;; =1.6, NS). (¢) Muscimol
administration induced amnesia (Saline, n=8; Musc, n=10; t;¢ = 3.3, P<0.01) but did not block the acquisition of new recent memories and their
retention (Re L, t;g =0.48, NS). (d) Representative fluorescent micrograph showing injection of muscimol-BODIPY TMR-X conjugate into Te2. Scale bar,
200 um. (e) Experimental design for recent memory testing after first-order fear conditioning. (f) Freezing response was similar in TTX-treated (n=14)
and saline-treated (n=14) animals (t,¢ =1.5, NS). (g8) Experimental design for avoidance response testing, using a two-chamber light-dark box.

(h) The CS avoidance response of TTX-injected rats (n=8) was significantly lower with respect to saline-treated rats (n=38) (t;, = —2.760, P<0.05).
(i) Experimental design to test the effect of Te2 lesioning on retrieval of remote memories. (j) NMDA-lesioned rats (Te2-Les, n=8) did not display
avoidance behavior towards the CS (n=28; t;;= — 3.264, P<0.01). *P<0.05; **P<0.01, ***P<0.001; NS, not significant. Data shown are mean and s.e.m.

stimuli (CS1-CS2 pairing) and then are conditioned to associate
CS1 to an aversive US (Fig. 2a). In second-order fear con-
ditioning, animals are first trained to associate CS1 with the
aversive US, and then are exposed to CS2-CS1 pairing?*2°
(Fig. 2b). During CS2-CS1 pairing in sensory preconditioning,
animals learn to associate two distinct neutral sensory stimuli;
in second-order fear conditioning, they learn to associate a CS
with the emotional response elicited by another CS?42°,
By inactivating Te2 shortly after CS2-CS1 pairing in both
paradigms and then testing memory retention after 1 month, we
aimed to test whether Te2 was involved in perceptual learning,
S-S learning, or the association of a CS with an emotional
response.

In the sensory preconditioning paradigm, freezing responses to
CS1 (almond odour) were high and similar between TTX-treated
animals and two control groups, namely saline-treated animals
exposed to CS1-CS2 pairing and animals exposed to CS2 and
CS1 unpaired in time (Fig. 2c). When tested with CS2 (tone),
both the TTX- and saline-treated animals maintained their strong
freezing responses, which, however, were significantly lower in
the unpaired animals (Fig. 2d). In the second-order fear
conditioning paradigm, similarly high freezing responses to CS1
were observed in all three groups (Fig. 2e), whereas TTX
treatment had a significant amnesic effect towards CS2 (Fig. 2f).
Similarly, muscimol-treated rats displayed amnesia to CS2
(Fig. 2h) but not CS1 (Fig. 2g, Supplementary Fig. 3). Thus,
Te2 activity is required to form the association between sensory

cues and their affective properties, but it is not required for
perceptual learning or S-S learning.

An alternative explanation for the amnesia observed in second-
order fear conditioning is that Te2 is necessary for storing
memories of a CS that has acquired a behavioural salience,
irrespective of the associated emotional aspect. Emotional
experiences are characterized by two primary dimensions:
intensity, ranging from weak to strong, and valence, ranging
from negative to positive?”?8, To test whether Te2 inactivation
affected the valence associated with a CS, we used an appetitive-
to-fear conditioning paradigm. Rats were exposed to an auditory
CS paired with a pleasant US (food reward) and, 4 weeks later, the
same CS was paired with an aversive US, reversing its affective
value; Te2 was reversibly inactivated 1 day later (Fig. 2i). One
week later, a significantly lower freezing response was observed in
the treated animals than in controls (Fig. 2j). Rather, the treated
animals retained the conditioned response learned before valence
switching (Fig. 2k). Thus, Te2 silencing prevented the change in
emotional valence of a remote memory, without affecting the
memory of such CSs associated with their previously acquired
emotional value. Given that memory retention was tested 1 week
later, these results are at odds with those shown in Fig. 1, where
memory tested 1 week after training was unaffected by Te2
manipulations. The difference can be explained by the fact that, in
the present paradigm, the original memory was formed 1 month
before the change in emotional valence and therefore it became
dependent on the cortex.
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Figure 2 | Te2 encodes the emotional valence of sensory stimuli. (a) Experimental design for sensory preconditioning. (b) Experimental design for
second-order conditioning. CS1, odour; CS2, tone. TTX, tetrodotoxin; Musc, muscimol. (¢) In the sensory preconditioning paradigm, freezing response to
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P>0.05). (d) The freezing response to CS2 was substantially lower in the Unpaired group but remained high in animals exposed to the CS1-CS2 pairing,
both saline-treated and TTX-treated groups (one-way ANOVA F(; 27y = 4.84, P<0.05; Newman-Keuls test P<0.01). (e) After second-order conditioning,
the freezing response to CS1 was similar among the Unpaired (n = 8), saline-treated (n=11) and TTX-treated animals (n=11); one-way ANOVA
(F2.27y=0.62, NS). (f) In contrast, TTX-injected animals were impaired in the memory retention to the auditory CS2 (F(; 27y =11,58, P<0.001). (g) Similar
freezing response to CS1 in saline-treated (n=8) and muscimol-treated (Musc, n=7) animals (Student’s t-test, t;s= — 0.47, NS). (h) Muscimol-treated
animals displayed amnesia to CS2 (t;3= 3.26, P<0.01). (i) The appetitive-to-fear conditioning protocol. (j) Freezing responses to CS after valence
switching were less in TTX-treated animals (n=9) and muscimol-treated animals (n = 8) than in the saline-treated group (n=10; F(;24y = 4.43, P<0.05).
(k) The total time animals spent searching for an award (that is, food cup entry time; CS, preCS in seconds) was similar between TTX- and
muscimol-treated rats, but significantly higher than that of the saline-treated group (F24y=6.17, P<0.01; Newman-Keuls test, P<0.01). *P<0.05;

**P<0.01, ***P<0.007; NS, not significant. Data shown are mean and s.e.m.

The amnesia observed in the appetitive-to-fear conditioning
experiments cannot be due to an inability to process or encode CS
features, because this information was acquired several weeks
before Te2 inactivation. Indeed, Te2 inactivation did not disrupt
memory of the CS, as shown by the high level of appetitive
memory towards the CS. Furthermore, because Te2 remained
intact for 24 h after memory recall, the amnesia cannot be due to
a temporary inability to recall the CS representation or to
transmit this information to other sites. We can also rule out an
interference with appetitive memory reconsolidation processes,
which terminate within a few hours after appetitive memory
recall?®. We conclude that amnesia in Te2-lesioned animals is due
to a specific interference with the change in the value assigned to
the CS. Thus, Te2 participates in the encoding of the valence
of perceived stimuli and to the subsequent changes of such
information.

Te2 is necessary for remote appetitive memories. Given that in
the previous experiment Te2 blockade had no effect on remote
appetitive memories (Fig. 2k), we tested whether Te2 is involved
in the storage/retrieval of these memories (Fig. 3a). Rats were
trained to associate an auditory CS with a pleasant US. After
one month, the Te2 was irreversibly lesioned with NMDA
(Supplementary Fig. 4). NMDA-treated animals displayed a
significantly lower conditioned response than did sham-treated

animals, but were able to relearn the CS-US association (Fig. 3b).
Remarkably, Te2 lesions did not affect appetitive memories of an
olfactory CS (Fig. 3¢), thus supporting the view that each sensory
cortex is selectively involved in the storage/retrieval of remote
appetitive memories of the sensory CSs that it elaborates!?. The
latter results rule out the possibility that the amnesia was due to
an impairment of emotional or motor responses.

Because irreversible lesions can cause secondary neuronal loss
in the structures to which the sensory cortex projects, the amnesia
observed here may have been due to such a secondary
impairment. Therefore, we repeated the experiment using the
zeta inhibitory peptide (ZIP), which inactivates several cellular
processes, such as those involving protein kinase Mzeta
(PKMz)*%31, and causes amnesia even after the peptide has
been eliminated, allowing memory retention to be tested with the
brain structure functionally intact'>3, Rats were trained in the
appetitive conditioning protocol and, one month later, received
ZIP in Te2. Memory was tested two days later, that is, when the
peptide had been eliminated. ZIP-treated animals displayed
amnesia (Fig. 3d).

Similar results were obtained in animals conditioned to visual
CSs and lesioned in the secondary visual cortex (Supplementary
Fig. 5). These data indicate that appetitive memories are stored,
at least in part, in a distributed cortical network formed by higher
order sensory cortices. Collectively, our behavioural findings
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suggest that higher order sensory cortices are crucial nodes for the
assignment of negative and positive affective values to sensory
stimuli and for the storage/retrieval of such information.

Te2 neurons for pleasant or unpleasant values. We then
investigated the molecular mechanisms by which Te2 stores the
affective value of sensory stimuli. To this aim, we used the cellular
compartment analysis of temporal activity by capture antibody-
targeted fluorescent in situ hybridization (catFISH) technique to
monitor the expression of two immediate early genes, Arc/Arg 3.1
(Arc) and Homer la (Hla), that have distinct temporal patterns
of expression in neurons: Arc messenger RNA (mRNA) is
detectable in the nucleus 5-8 min after a salient event while Hla
mRNA appears 25-30 min later’>3%. Thus, in animals tested for
two behaviours separated by an interval of 20min, catFISH
reveals the first behaviour as nuclear Hla and the second
behaviour as nuclear Arc expression. Expression of only one gene
indicates selectivity for one of the two events, while double
labelling means a neuron was engaged by both behavioural
epochs. This analysis was focused on layer 2/3 because previous
studies showed a maximal activation at this cortical level
following memory recall'>'”.

We studied three conditioning paradigms (Fig. 4ab,
Supplementary Fig. 6). In fear-fear conditioning, rats were
trained to associate two different auditory CSs to the same
aversive US (foot shock); when tested for memory retention 4
weeks later, both CSs elicited a conditioned freezing response
(Supplementary Fig. 7a,b). In appetitive—appetitive conditioning,
the two CSs were paired to an appetitive US (food reward), and
they prompted conditioned appetitive responses in the animals
(Supplementary Fig. 7c,d). In appetitive—fear conditioning, an
auditory CS1 was paired with a pleasant US, while CS2 was
associated with an aversive US; the subsequent presentation of
CS1 elicited a conditioned appetitive response while CS2 caused
fear behaviour (Supplementary Fig. 7b,c). When Te2 neurons
were stained for Arc and Hla mRNA immediately after the
testing, we observed that most neurons were doubly labelled in
the fear—fear conditioning group (Fig. 4d,g), suggesting that two
memories endowed with similar emotional content activated the
same neuronal population in Te2. Similar results were observed
with appetitive-appetitive conditioning (Fig. 4e,g). In contrast, in
appetitive-fear conditioning, the percentages of cells stained
positively to either Hla or Arc were significantly higher than in
the other conditioning protocols, and there was a corresponding
decrease in doubly labelled cells (Fig. 4f,g).

To further depict the differential activation of Te2 neurons
after the behavioural procedures, the percentage of doubly
labelled cells was divided by the percentage of Hla-positive cells.
A reactivation ratio near 100% indicates that the two behaviours
activate the same neuronal populations, while lower values
indicate that distinct neurons are involved3**%. This analysis
revealed that the appetitive-fear conditioning group had a
significantly lower reactivation ratio than did the other groups
(Fig. 4h). To ensure that the effects we observed were due to the
behavioural manipulation and were not secondary to incidental
differences in the expression of Arc or Hla, we compared within
each behavioural group the percentage of neurons activated
during epoch 1 (HIa-positive cells) to the percentage of neurons
positive for Arc*®. No significant differences were detected in any
conditioning protocol (Fig. 4i).

These data on Arc and Hla staining were collected from two
distinct cortical subregions in Te2 (Fig. 4c). To investigate if the
contrasting emotional memories had a preferential anatomical
localization, we analysed the data from the two cortical regions
separately but found no significant differences (Supplementary
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expressing both Arc and Hla divided by the number of cells expressing Hla, was significantly less in the appetitive-fear group than in the fear-fear and
appetitive-appetitive groups (F(z20y=19.78, P<0.007). (i) In each group, the percentage of neurons activated during epoch 1 (Hla-positive cells) was
similar to that of Arc (fear-fear, t;s =0.69, NS; app-app, t;o =0.26, NS; appetitive-fear, t;, = — 0.83, NS). **P<0.01, ***P<0.001; NS, not significant.

Fig. 8), that is, the two emotional memories engage neurons
broadly distributed across Te2.

Altogether, these results suggest that, in Te2, a large population
of neurons responds to both affective experiences, while there also
exists a small fraction of neurons that exclusively responds to one

an experiment in which the salience, but not the valence, of the
two CSs was modulated. Animals were conditioned to hedonic
and aversive stimuli as in the appetitive—fear conditioning
protocol, but this time they received a stronger painful US, so as
to elicit a stronger (for example, more salient) aversive memory.

of the two learned emotional associations.

Te2 neurons encode the learned valence of stimuli. Our findings
suggest that Te2 contains neurons whose activity signals the
affective value assigned to auditory stimuli. Alternatively,
however, it is possible that these distinct neural populations
reflect the different levels of intensity (for example, the salience)
of the emotional experiences. To test this possibility, we devised

6

Testing of remote memory retention revealed a significantly
higher freezing response than when animals were conditioned to
the mild US in the appetitive-fear conditioning protocol (Fig. 5a).
In these rats, however, the percentages of neurons that responded
separately to appetitive and aversive CSs were similar to those
obtained in the previous experiment (Fig. 5b-e). Hence, changes
in the salience of the two CSs did not modify the percentages of
neurons responding separately to the two events.

| 6:8886 | DOI: 10.1038/ncomms9886 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

a 100 = * ¢
301 Bo%H1a
© 254 B %Arc e
- o,
= 250 O %H1a+Arc _
£ 7
o) 1%
o £154 Ns NS
® 8
@ 10 -
3
2 97
App— App-— App- App- App- App-—
fear fear TT  fear fear TT  fear fear TT
d e f
Zg : 40+ App-fear TT
J NS
-% 70 4 ﬁ 35 —
c 60 2 301
5 501K % 25 1
£ awdf g 204
g 30 4 fi g 15 4
® 20 BEEEE g 10+
10 - FHEER 2 5-
PR i
pp—fear App—fear TT %H1a  %Arc
g h i Avoidance—
307 @ %H1a NS 90 - NS 40 - fear
B %Arc 80 4 35 - NS
O 254 Q 0]
w O %H1a+Arc — o 701 \ W a0 = e
=) = =)
£ 204 © 60 - k=
7] c @ 251
3 S 501 o ==
S 151 g \ £ 201
X = 40 == g
] NS NS © O 45
2 10{ ™ — S 30 \ 2 —
[} 2 [}
o S 104
® 5] * 20 4 \ °
10 1 5
J s ==X i
Fear— Avoidance— Fear— Avoidance— Fear— Avoidance— Fear— Avoidance— %H1a  %Arc
fear fear fear fear fear fear fear fear

Figure 5 | Te2 neurons encode the memory valence but not the salience nor the different behavioural response. (a) A more intense aversive memory
was obtained by increasing the strength of aversive conditioning (app-feart 1, n=4). Freezing response was higher in this appetitive-fear group than in the
previous appetitive-fear experiment (t;o= — 2.56, P<0.05). (b) Representative fluorescent photomicrograph of cortical neurons in animals conditioned to
stronger foot shock stimuli. Scale bar, 20 um. CS1 and CS2, conditioned stimuli 1and 2. (¢) The percentages of cells expressing only Hla (t;o = — 0.58, NS),
only Arc (to= 0.15, NS) or both Hla and Arc (t;o = —1.43, NS) were similar between stronger (app-fear? 1) and weaker (app-fear) fear-conditioned
animals. (d) Similarly, there were no significant differences between groups in the reactivation ratio (t;,o = — 0.15, NS). (e) In the animals conditioned with
stronger painful stimuli, the percentage of Hla-positive cells was similar to that of Arc-positive cells (tg= — 0.01, NS). (f) Representative fluorescent
photomicrograph showing Hla (green arrows), Arc (red arrows) or doubly (yellow arrows) labelled neurons in the avoidance-fear group (n=5). Scale bar,
20 um. (g) The percentages of neurons expressing Hla (t;; = —1.16, NS), Arc (t;; = — 0.6, NS) or both (t;, = —1.87, NS) were similar in the avoidance-fear
and fear-fear groups. (h) No significant differences between groups in the reactivation ratio were noted (t;; = 0.48, NS). (i) In the avoidance-fear group,
the percentage of Hla-positive cells was similar to that of Arc-positive cells (tg= — 0.24, NS). * P<0.05; NS, not significant. All values are mean and s.e.m.

We then investigated whether the two neuronal populations
reflect different motor responses paired to the two CSs. Rats were
trained to associate one CS to an inescapable footshock, so as to
induce freezing behaviour, while another CS was paired with an
escapable footshock, so as to induce an avoidance behaviour
(Supplementary Fig. 9). Subsequent catFISH analysis revealed
that the percentages of cells stained positively to either Hla or
Arc were similar between the fear-fear and fear-avoidance
conditioning groups (Fig. 5f-i).

Altogether, these data suggest that the activity of Te2
neurons reflects neither the salience nor the different motor
responses paired to the CSs, further supporting the view that
Te2 encodes the valence (aversive or positive quality) of a
memory.
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Te2 neurons reflect associative processes. The differential
activity of the Te2 neurons could reflect a bias imparted by the
appetitive or aversive behaviours expressed during the tests of
memory retention. Therefore, we asked whether these cortical
neurons respond to innate emotional stimuli or, alternatively,
whether they mainly encode the learned affective value assigned
to sensory stimuli during emotional experiences. To this aim,
painful stimuli and food rewards were presented in the absence of
any explicit sensory cues, so as to prevent associative processes
linking emotional experiences to sensory stimuli*»=®. The
percentages of cortical cells expressing only Hla, only Arc, or
both Hla and Arc did not differ between these animals and naive
animals that did not receive any behavioural training (Fig. 6a—c).
The reactivation ratios were also similar between naive and

Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

Naive

C 5 -
6 7 BoH1a
14 4 B %Arc
D 12 4 D %H1a+Arc
()]
<10 4 NS
2 NS NS | p—
5§ 81 1 — x T
o 6-
3
2 47
2 -

Naive Choco— Naive Choco— Naive Choco—

FS FS FS

d - € o0

70 NS 12 O Naive

60 - — | B Choco-FS

X 8 16 4 NS

o w
= 50 =144 I 1
= £
§ 40+ g 121
§ 5 104
£ 301 3 g-
I »
£ 20 - CE
2 R 41

10 4 5

0 /L
Naive Choco— %Hla %Arc '’ %Hla %Arc
FS

Figure 6 | Neuronal activity in Te2 signals the affective valence acquired
by auditory CSs but is unchanged following unconditioned affective
stimulation. (a,b) Representative fluorescent photomicrographs of Hia
(green arrows), Arc (red arrows) and doubly (yellow arrows) labelled
neurons in naive, untreated animals (n=6) (a) and in animals that received
pleasant (chocolate-flavoured food) and aversive (foot shock) stimuli
unpaired with explicit sensory cues (choco-FS, n=6). CS1 and CS2,
conditioned stimuli 1 and 2. (b) Scale bar, 20 um. (¢) No significant
differences in the immediately early genes (IEG) expression were detected
between naive animals and those that received unconditioned emotional
stimuli: Hla (t;o = —1.93, NS), Arc (t;o= 0.34, NS), and both HTa and Arc
(tio=0.27, NS). (d) The reactivation ratio was also similar between the
groups (t;o = 0.83, NS). (e) The percentage of Hla-positive cells was similar
to that of Arc-positive cells, for both the naive (t;o= — 0.36, NS) and the
choco-FS (t;o=0.41, NS) rats. NS, not significant. All data are mean

and s.e.m.

treated rats (Fig. 6d). Thus, unconditioned emotional experiences
by themselves do not activate distinct neurons in Te2, ruling out
the possibility that the activity of such neurons reflects emotional
or motor responses. Hence, the differential activity of neurons
described in the previous experiment (see Fig. 4c-g) is likely to
have resulted from associative processes linking sensory cues with
emotional representations. We conclude that these neurons form

8

an enduring memory code for the affective valence assigned to
CSs and can be considered ‘associative value-coding’ neurons.

Value-coding neurons in the lateral amygdala. We then
investigated the existence and characteristics of value-coding
neurons in the lateral regions of the amygdala (Fig. 7a), an area
that is involved in both fearful and hedonic experiences>>*’ and
is anatomically connected with the Te2 bidirectionally!3~1>. In
the same rats in which we previously analysed Te2 neurons, the
percentage of amygdalar neurons doubly labelled for Hla and Arc
was significantly lower in the appetitive-fear conditioning group
(Fig. 7d,f) than in the fear-fear (Fig. 7b,f) and appetitive-
appetitive (Fig. 7cf) conditioning groups. In contrast, the
percentage of singly labelled neurons was significantly higher
(Fig. 7d,f). Similarly, the reactivation ratio in the appetitive—fear
conditioned animals was significantly lower than that of fear—fear
conditioned rats (Fig. 7g). Thus, the lateral amygdala also has
distinct neurons that respond either to pleasant or unpleasant
stimuli.

Remarkably, the percentage of neurons singly labelled for Hla
or Arc after the presentation of unconditioned incentive and
aversive stimuli was higher than that observed in the fear—fear
and appetitive-appetitive conditioned groups (Fig. 7e,f), whereas
it was similar to that in the appetitive—fear conditioned animals
(Fig. 7d,f). Similar results were obtained for the reactivation
ratio (Fig. 7g). Finally, the percentages of Hla-positive and
Arc-positive cells were also similar (Fig. 7h, Supplementary
Fig. 10).

These data suggest that neuronal activity in the amygdala,
unlike in Te2, is more broadly responsive to both innate and
learned emotional processes. Remarkably, in both innate and
conditioned processes, the two contrasting events activated
similar percentages of neurons (Fig. 7f-h). This finding suggests
that the lateral amygdala treats the two opposite valences in
similar ways, in contrast with the common idea that lateral
amygdala is mainly or more markedly involved in the analysis of
threat stimuli.

Te2 neurons targeted disruption impairs memory retention. So
far, it is unknown if the observed activated neurons in Te2 play a
causal role in maintaining learned emotional information.
Therefore, we used a recently developed technique termed
Daun02 inactivation®¥, which allows the selective manipulation of
neurons engaged by a specific experience without affecting the
surrounding cells. We used c-fos-lacZ transgenic rats carrying a
transgene in which a c-fos promoter drives the transcription
of the lacZ gene, resulting in the expression of B-galactosidase
(B-gal). This induction only occurs in strongly activated neurons
in which B-gal and Fos are coexpressed but not in the
surrounding non-activated or weakly activated cells®*. These
activated neurons were inactivated, 90 min after rats performed a
behavioural task, by administration of the prodrug Daun02: 3-gal
converts Daun02 into daunorubicin, which induces apoptotic cell
death®®. We used this model to determine if memory-activated
cortical neurons are necessary for the storage of remote emotional
memories.

Transgenic and wild-type rats were exposed to the association
between a tone and an aversive stimulus, and 4 weeks later, fear
remote memories were retrieved by re-presenting the CSs
(Fig. 8a). In the transgenic rats, this procedure induced B-gal in
84.6£2.6% of the cortical neurons expressing Fos (Fig. 8b).
Ninety minutes later, both transgenic and wild-type rats were
infused with Daun02 in Te2 and then returned to their home
cages for 3 days to allow cell-specific inactivation to occur®3?,
On test day, transgenic animals showed amnesia to the CSs while
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unconditioned-treated animals did not differ from each other (P> 0.05 in all instances, NS) while they were different from both the fear-fear and app-app
groups. In the same way, the fear-fear and app-app groups did not differ from each other in all instances (P> 0.05, NS). (g) Both appetitive-fear and
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Figure 8 | Fearful memory-activated cortical neurons are essential for the storage and retention of remote fear, but not incentive, memories.

(@) Experimental design for Daun02 inactivation. c-fos-lacZ transgenic (Tg, n=6) and wild-type (Wt, n=5) rats were exposed to the association between a
tone and an aversive stimulus. After 4 weeks, remote fear memories were retrieved by re-presenting the CS; 90 min later, Daun0O2 was injected into Te2.
After 3 days, we measured the freezing response to CS. (b) Remote fear memory recall induced Fos expression (red nuclei) and B-galactosidase expression
(green nuclei) in Te2 neurons. Merged panel shows nuclei doubly labeled for B-galactosidase and Fos (yellow). Scale bar, 20 pm. (€) Freezing response
during CS administration in c-fos-lacZ rats was significantly less than that of Wt rats (to= —8.75, P<0.001). (d) Photomicrographs of Fos staining in
Te2 neurons from Wt (left) and c-fos-lacZ (right) rats 90 min after memory retrieval. (e) Fos-positive cell count was significantly higher in Wt rats than in
c-fos-lacZ animals (to = —5.42, P<0.001). (f) c-fos-lacZ and Wt rats were trained to associate two different auditory stimuli (CST and CS2) to opposite
emotional experiences; 4 weeks later, remote fear memories were recalled by re-presenting CS1 or CS2, and 90 min later, Daun02 was injected in Te2.
After 3 days, fear behavior and conditioned appetitive responses were measured by presenting CSTand CS2. (g,h) In the groups where fear memories were
recalled, freezing behavior (g) was significantly less in c-fos-lacZ rats (n=6) than in Wt rats (n=6) (t,o = 4.20, P<0.01), whereas total time spent in the
food cup during CS2 administration, minus a preCS period, (h) did not differ among groups (t;o= — 0.51, NS). (i,j) Conversely, in the groups where
appetitive memories were recalled, appetitive memories (i) were impaired in c-fos-lacZ rats (n=8) compared to Wt rats (n=6) (t;; = 4.21, P<0.01),
while freezing behavior (§) did not differ among groups (t;,= —1.55, NS). **P<0.01, ***P<0.001; NS, not significant. All data are mean and s.e.m.

wild-type rats did not (Fig. 8c). Compared with wild-type (Fig. 8d,e). To rule out the possibility that the amnesia could be
animals, transgenic rats had markedly fewer Fos-expressing due to nonspecific neurotoxicity, we examined Nissl-stained
neurons following the testing of fear memory retention sections of the Te2 cortex and found no gross alterations in the
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shape or size of the cortical architecture, nor any indication of
gliosis (Supplementary Fig. 11), as previously reported®S. These
results suggest that cortical neurons activated by remote memory
recall are necessary for the storage of remote emotional
memories.

To further test the specificity of our manipulation, another
group of transgenic and wild-type rats was exposed to associa-
tions between one tone and an aversive US and another tone and
an appetitive US. Four weeks later, remote fear memories were
retrieved by re-presenting the CS previously paired with the
aversive US (Fig. 8f). Ninety minutes later, transgenic and wild-
type rats were infused with Daun02 in Te2. After 3 days,
transgenic animals showed amnesia but wild-type rats did not
(Fig. 8g). Conversely, transgenic and wild-type rats had similar
conditioned responses to the CS previously paired to appetitive
CS (Fig. 8h), indicating that the observed amnesia is not due to
nonspecific neurotoxicity in Te2. In a complementary experi-
ment, transgenic animals showed amnesia to appetitive memories
(Fig. 8i) but not to fear memories (Fig. 8j) when the Daun02 was
injected after the reactivation of appetitive memories. Altogether,
these results support the view that cells in Te2 activated by a
specific emotional experience are needed for the encoding of its
valence but not for the processing of auditory information and
also suggest that different populations are necessary in Te2 for the
two contrasting memories.

Discussion

Collectively, our data lead to the idea that Te2 is necessary for the
encoding and storage of the affective meaning that has been
associated with sensory stimuli during an experience. Several
alternative interpretations of our results can be ruled out. Te2 is
not necessary for the encoding of the CS’s physical attributes. In
fact, Te2 inactivation after pairing a neutral sound and an odour
did not affect the subsequent remote memory of this association.
Furthermore, the remote memory recall of two different tones
activated a largely overlapping population of neurons in the
fear-fear and appetitive—appetitive conditioninf groups. This
view is in accordance with previous findings*0-4%,

Moreover, we also ruled out that Te2 may serve as a key node
for linking auditory stimuli to specific behavioural responses.
These findings bear remarkable similarity to those of Pi et al®
who showed that two different punishments (air puff and foot
shock) generated similarly strong phasic activations of cortical
neurons, suggesting that such neurons ‘signal the aversive quality
of the negative feedback®®.

We also showed that the role of Te2 in emotional processes
goes beyond the transmission of auditory CS to the amygdala.
Inactivation of Te2 during early memory consolidation impaired
remote, but not recent fear memories. This amnesia cannot be
due to an impairment of the transmission of auditory information
to the amygdala, given that amygdala impairment durinﬁg
memory consolidation also hampers recent memories!®4°,
Moreover, catFISH analysis revealed that two different sounds
previously paired to stimuli of similar emotional valence recruited
the same neuronal populations whereas the same tones recruited
two distinct populations when paired with opposing emotional
information. These results indicate that neurons are present
within the Te2 whose activity is shaped by the two different
emotional memories rather than by the two different CSs.
Therefore, these neurons do not merely serve to send auditory
information to the amygdala. Remarkably, selective inactivation
of memory-activated cells, through Daun02 injection, revealed
that the contribution of Te2 to remote memories arises from
these different populations of cells.

In line with our findings, previous studies showed that some
cortical interneurons in the auditory cortex are responsive not

only to auditory CSs but also to painful USs*>*” and appetitive

USs®, indicating that the activity of these neurons is modulated
by emotional information. A similar suggestion came from
studies showing that the emotional content provided by similar
auditory stimuli, but paired to an aversive or appetitive US,
shaped the plasticity of the auditory cortical receptive field in
opposite ways*®4°, Altogether, these results raise the intriguing
possibility that learned emotional value is a property of stimulus
representation in the sensory cortex.

In addition, we pointed out a remarkable difference between
amygdala and Te2 participation in emotional memory processes;
in the latter site, ‘value-coding’ neurons are mainly related to
associative processes linking sensory cues to affective properties
whereas unconditioned emotional stimuli by themselves do not
engage these cells. Thus, Te2 activity reflects not mere emotional
processes but rather the affective value that has been linked to
sensory stimuli following emotional experiences. Moreover, our
work adds the important notion that amygdalar neurons are not
able to support the retention of appetitive and aversive remote
memories in the absence of higher order sensory cortices.
Remarkably, recent studies have shown that the amygdala is
capable of promoting highly specific, associative and enduring
changes in the auditory cortex’®>!. Thus, the convergence of
emotional and sensory information at the level of Te2 may lead to
the activation of associative value-coding neurons, thus enabling
this site to encode the learned value endowed with specific
auditory stimuli. The existence of overlapping but distinct sets of
neurons and the presence of neurons that respond to both
affective features simultaneously may enable these sites to
consider rewards and threats at the same time, a crucial issue
in a continuously changing world. A dysfunction in these neurons
or in their fine connectivity may affect the ability to differentiate
between neutral and frightening stimuli, thus leading to
generalized fear and anxiety disorders.

Methods

Animals. Male Wistar rats (age, 65-70 days; weight, 250-350 g) were employed in
all experiments but those involving the blockade of Fos-activated neurons. For
these latter experiments, we employed c-fos-lacZ transgenic rats (age, 65-70 days;
250-350 g) that had been bred for 35-40 generations on a Sprague-Dawley
background. Animals were housed in plastic cages with food and water available ad
libitum, under a 12-h light/dark cycle (lights on at 0700 hours) at a constant
temperature of 22 1 °C. All the experiments were conducted in accordance with
the European Communities Council Directive 2010/63/EU and approved by the
Italian Ministry of Health (authorization no. 265/2011).

Stereotaxic surgery for Te2 and Oc2L treatments. Stereotaxic coordinates for
Te2 and lateral Oc2 (Oc2L) lesions were taken from Paxinos and Watson®? with
cortical fields referenced to Zilles®®. Two pairs of injection sites were planned
bilaterally using the following coordinates: for Te2, (i) AP=5.8, ML= +6.7,
DV = 6.0 and (ii) AP=6.8, ML= +6.7, DV = 6.0; for Oc2L, (i) AP =5.8,
ML= *6.7, DV=4.0, and (ii) AP =6.8, ML= *6.5, DV =4.0. A burr hole,
permitting the penetration of a 28 gauge needle, was drilled over each injection
site. The needle was connected to a 10 pl Hamilton syringe connected to an
infusion pump.

Reversible inactivation in Te2 and Oc2L were made with tetrodotoxin (TTX;
10ngul~ ! in physiological saline; Tocris Bioscience, catalog no. 10789), or with
muscimol (1 mgml ~! in physiological saline) (Tocris Bioscience, catalog no.
0289). A 0.5 pl volume of TTX, muscimol, or vehicle (control animals) was
injected, and the needle was left in place for 1 min. Given that the effects of
muscimol terminate within a few hours after injection!®, we prolonged its action by
injecting it on two consecutive days. For the analysis of muscimol diffusion, we
used muscimol conjugated to fluorescent BODIPY TMR-X (Life Technologies,
catalog no. M23400), at 0.5 mgml~! in saline.

Protein kinase Mzeta inhibition was achieved by injecting the cell-permeable
zeta inhibitory peptide (ZIP)**31. ZIP (Tocris Bioscience, catalog no. 2549) and its
inactive scrambled control (scr-ZIP; QCB, 20-6210) were prepared in saline at
10 nmol pl =% 0.5 pl was used per injection site.

For the treatment of c-fos-lacZ transgenic rats, Daun02 (Hycultec, catalog
no. HY-13061) was dissolved to a final concentration of 5mgml~! in a solution
of 10% DMSO, 6% Tween-80, and 84% PBS. A volume of 0.7 ul was used per
injection site.
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Irreversible lesions in Te2 and Oc2L were made by injecting NMDA (Tocris
Bioscience, catalog no. 0114). NMDA was dissolved in phosphate-buffered saline,
pH 7.4, to a concentration of 20 pg pul ~ 1, and 0.20 pul was injected. The needle was
left in place after the injection for 3 min.

After treatment, the incision was closed with stainless steel wound clips, and the
animal was given a subcutaneous injection of the analgesic/anti-inflammatory
ketoprofen (2mgkg ™! body weight); it was kept warm and under observation
until recovery from anaesthesia.

First-order fear conditioning. Rats were trained to associate a sensory stimulus
with a foot shock in an conditioning chamber!2 (Coulbourn Instruments). The
floor was made of stainless steel rods connected to a shock generator set to deliver
0.7mA current. The chamber was fitted with a loudspeaker connected to a tone
generator set to deliver an 80 dB, 1,000 Hz pure tone (auditory CS), and a 12 W
fluorescent light bulb (rise and decay times, 100 ms; visual CS); both the
loudspeaker and light bulb were located 20 cm above the floor. One animal at a
time was placed inside the chamber and left undisturbed for 2 min. Then, it was
exposed to a series of seven consecutive auditory or visual CSs, each lasting 8 s and
paired, during the last 1s (for auditory conditioning) or 2s (for visual
conditioning), respectively, with an electric foot shock; the seven sensory stimuli
were separated by intervals of 22s.

Tests of first-order fear memory retention. Retention of fear memory was tested
in apparatuses different from those used for conditionin% and in a different room,
to avoid conditioned fear behaviour to contextual cues!?.

Freezing responses were tested in a transparent plastic cage enclosed within a
sound-attenuating box equipped with an exhaust fan, which eliminated odourized
air from the enclosure and provided background noise of 60 dB. Before testing,
animals were handled for 5min on 2 consecutive days. On the third day, they were
placed in the testing chamber and left undisturbed for 2 min. Then, CSs were
administered in a manner identical to that used during conditioning, but without
the foot shock. The rats’ behaviour was recorded by a digital video camera and the
videos were reviewed to determine the duration of the freezing response, taken as
an index of fear. Freezing response was expressed as the percentage of time during,
which there was complete absence of somatic mobility, except for respiratory
movements. The assessment of freezing was performed by one person blinded to
the animal’s assignment to an experimental group.

Avoidance responses were tested in a two-chamber light-dark box consisting of
a lighted chamber of white opaque plastic with a transparent lid and a similarly
sized dark chamber with walls and ceiling of dark opaque plastic. The floors of both
chambers were plastic. Between the two chambers there was a rectangular opening
(6 x 8 cm). The lighted chamber was illuminated to 60 lux and equipped with a
food cup for the delivery of sucrose pellets. Before testing, rats were food restricted
to 80-90% of their free-feeding weight, and they were habituated to the apparatus
for 4 days (20 min per day). To test memory retention, an animal was placed in the
lighted chamber and exposed to the series of seven tones, as described above.
Avoidance response was expressed as the percentage of time spent in the dark
chamber after the first tone.

Sensory preconditioning. CS1 consisted of almond odour presented using a
flow-dilution olfactometer. Clean air (1.51 min ~!) was directed to a solenoid valve
that, when operated, passed the air to a 15-ml bottle containing 10 ml of almond
essential oil. Odourized air was then directed to the conditioning chamber via
1-inch Tygon tubing for an exposure duration of 8 s. CS2 was the same tone (80 dB,
1,000 Hz, 8s) used in first-order fear conditioning. Two different chambers, which
differed in olfactory, visual and tactile features, were used in the experiment.

On each of the first 2 days, animals spent 20 min in each of the two different
chambers used in the experiment, in the absence of auditory or olfactory stimuli.
On day 3, the animals were returned to one of the chambers and, after a 3-min
adaptation period, were preexposed, over 20 min, to six sensory stimuli (3 CSI and
3 CS2) presented in a pseudorandom order, avoiding that the same CS be presented
more than two times consecutively. The interval between the end of one CS and the
start of the next was 2 min.

On day 4, the animals were returned to the same chamber for sensory
preconditioning. After a 4-min adaptation period, they were exposed to the two
stimuli in a paired or unpaired fashion. A groups of animals received the two
stimuli paired, in five cycles each consisting of CS2 immediately followed by CS1
and then a 40-s pause. Control rats received the stimuli unpaired, that is, separated
by intervals of about 6 min; this control served to rule out stimulus generalization,
namely the tendency for a response to generalize from one stimulus to another?*.
All animals remained in the chamber for 2 min after the final stimulus. Then,
animals were rapidly transferred to the stereotaxic apparatus for Te2 inactivation
with TTX, muscimol or vehicle (performed within 10-15min). On day 5, the
animals received no behavioural manipulation. On days 6 and 7, the animals
were placed in the conditioning chamber (the one with the grid floor) and were
exposed to CS1 in association with the aversive US (foot shock with 0.7 mA current
during the last 1s of each CS). CS1-US pairing was presented nine times at
intervals of 42s.

12

Remote memories were tested in two new and different chambers. Animals
were habituated to the new environments on days 27 and 28 (5 min per day). Then,
they underwent one CS2 test session on day 29 and one CSI test session on day 30.
Rats were placed into one of the chambers and, after a 3-min adaptation period,
were exposed to the stimulus eight times at intervals of 42 s. The freezing response
was measured as described above.

Second-order fear conditioning. The overall protocol for second-order fear
conditioning was similar to that used with sensory preconditioning. The
preexposure step (days 1-3) was identical. On day 4, animals were placed in the
conditioning chamber and exposed to CS1 in association with the aversive US:

a foot shock (0.7 mA current) was given during the last 1s of each CS1 (CS1-US
pairing). On day 5, rats underwent a second session of CS1-US pairing. On day 6,
animals were exposed to the two sensory stimuli, paired exactly as on day 4 in the
sensory preconditioning protocol above; Te2 inactivation with TTX, muscimol or
vehicle was also performed as in that step. On day 7, no behavioural manipulation
was performed. The retention of remote memories was tested on days 27-30 as
described for sensory preconditioning.

Appetitive-to-fear conditioning. Rats were placed on a restricted diet to maintain
their body weight at approximately 80-90% of their free-feeding weight. One day
before training, rats were given ~1g of chocolate-flavoured sucrose pellets
(Bio-Serv, catalog no. F07256) in their home cages to familiarize them with the
pellets. For training, rats were placed in a conditioning chamber without a grid
floor, enclosed in a sound-attenuating box. They were trained to associate

the auditory CS (80 dB, 1,000 Hz) with an appetitive US, namely one chocolate-
flavoured pellet delivered at the end of the tone into the food cup. The CS-US
pairing was presented 28 times with a variable interval during a 60 min session,
once per day for four consecutive days.

Four weeks later, rats were placed in a different environment and exposed to the
same CS, this time paired with an aversive US (0.5mA) in the absence of the food
reward. The CS-US pairing was repeated 7 times over 10 min. Memory retention
was tested 1 week later. Briefly, animals were placed in the testing chamber for
2 min (preCS period) and then exposed to the CS seven times (8 s tone followed by
17 s pause). Retention of memories was measured on both the freezing response
(conditioned aversive response) and the conditioned discriminative response.
Conditioned discriminative responses were calculated as the extra time (in s) an
animal spent with its head in the chamber’s food cup, searching for a reward in
response to the CS, according to the formula: (time in food cup during the CS (8s)
and post-CS presentation (17s) minus the 25s preceding CS onset.

First-order appetitive conditioning. Rats were trained to associate a pleasant
US (chocolate-flavoured food pellet) with an auditory, olfactory or visual CS,
essentially as described for appetitive-to-fear conditioning.

Conditioning protocols prior to catFISH analyses. Training sessions were
conducted in distinct chambers differing in olfactory, visual and tactile features and
located in different rooms. The CS1 was a pure tone (8, 80 dB, 1,000 Hz), while
the CS2 was an 11-s train of frequency-modulated upsweeps (500-ms duration,
logarithmically modulated between 5 and 15kHz, 50ms rise and fall, 78 dB). The
US was an electric foot shock of 0.18 mA or, to elicit a stronger (for example, more
salient) aversive memory, 0.25 mA current, or a chocolate-flavoured food pellet.
Conditioning to CS1 was performed in the conditioning chamber as described
earlier for first-order fear conditioning. Conditioning to CS2 was performed in a
plastic cage composed by four black Plexiglas sheets, with a grid floor.

Fear—fear conditioning (Supplementary Fig. 6¢) involved six sessions composed
of three aversive trainings per CS. A series of six auditory CSs was administered
(except for the last two sessions of the fear-fear conditioning in which only 3 CSs
paired with USs per session were presented). The last 1s of each CS was paired
with an aversive US.

Appetitive-appetitive conditioning consisted of 13 sessions (9 CS1 and 4 CS2
appetitive trials). Each appetitive trial was performed as described above (see also
Supplementary Fig. 6d).

Appetitive-fear conditioning (Supplementary Fig. 6¢) consisted of 13 sessions
with 9 CS1 (appetitive) and 4 CS2 (aversive) trials. Appetitive training with a
pleasant US was conducted as described above in ‘First-order appetitive
conditioning’. Rats were also conditioned to an aversive CS2 as described in the
fear-fear conditioning protocol above.

Retention of remote memories was tested 4 weeks after the start of the training.
Rats were handled for three consecutive days (5 min per day) and habituated to two
unfamiliar cages. CS1 conditioned responses were tested by presenting CS1 four
times (8, with a 22 s interval). The session lasted 2 min after which the rat was
returned to its home cage for 20 min. Then, the animal was placed in a different
environment and exposed to CS2 four times (11s, with a 19-s interval). The
conditioned appetitive response was calculated as described above in the
‘Appetitive-to-fear conditioning’. The freezing response was also measured.

| 6:8886 | DOI: 10.1038/ncomms9886 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

Chocolate-footshock .uncont_iitioned §timulati9n. Two dz.iys before the test, rats 4. Salimpoor, V. N. et al. Interactions between the nucleus accumbens and
were placeq ona rest1f1cted 41et to maintain thelf body weight at appr0x1ma.tely auditory cortices predict music reward value. Science 340, 216-219 (2013).
90% of their free-feeding weight. In addition, animals were habituated to being 5. Xiu, J. et al. Visualizing an emotional valence map in the limbic forebrain by
transported outside their an'imal room to a new room. A day before the behavioural TAI-FISH. Nat. Neurosci. 17, 1552-1559 (2014).
p rotocol began, rats were given ~ lg Of, pleasant (chocolate-ﬂavorec.i) food pellets ¢ pyyarci, S. & Pare, D. Amygdala microcircuits controlling learned fear. Neuron
in the home cage to familiarize them with those pellets. The following day, rats 82, 966-980 (2014)
received ~1g of the pellets in their home cages. Twenty minutes le}ter, they were OhL F. W. & Scheich, H. Learning-induced plasticity in animal and human
transported to a Skinner box. Immediately afterwards, rats were subjected to seven . . :
. . : auditory cortex. Curr. Opin. Neurobiol. 15, 470-477 (2005).
footshocks (1s, 0.18 mA) at 1-s intervals. At the end of the stimulation, rats were . . .
; . . . L 8. Brosch, M., Selezneva, E. & Scheich, H. Representation of reward feedback in
returned to their cages, having spent a total time of &~ 15s inside the conditioning . . .
. A . : primate auditory cortex. Front. Syst. Neurosci. 5, 5 (2011).
apparatus. This procedure allowed administering USs in such a short time as to . g . .
o . P 9. Weinberger, N. M. New perspectives on the auditory cortex: learning and
prevent the association of the temporally compressed unconditioned stimuli to the )
surroundings35’54‘ memory. Handb. Clin. Neurol. 129, 117-147 (2015).
10. Weinberger, N. M. Specific long-term memory traces in primary auditory
cortex. Nat. Rev. Neurosci. 5, 279-290 (2004).
Fluorescent in situ hybridization (catFISH). catFISH analysis was used to 11. Grosso, A., Cambiaghi, M., Concina, G., Sacco, T. & Sacchetti, B. Auditory
examine the expression of Arc/Arg 3.1 (Arc) and Homer 1a (Hla) genes. Briefly, an cortex involvement in emotional learning and memory. Neuroscience 299,
Arc antisense riboprobe was directed to the region from exon I to III, while an Hla 45-55 (2015).
probe was directed to the 3'UTR. The vectors were linearized with EcoR1, purified  12. Sacco, T. & Sacchetti, B. Role of secondary sensory cortices in emotional
and used for in vitro transcription with the DIG RNA Labeling kit (SP6/T7) memory storage and retrieval in rats. Science 329, 649-656 (2010).
(Roche, 11175025910), in the presence of fluorescein-UTP (incorporated into the 13, Kolb, B. & Tees, R. C. The Cerebral Cortex of the Rat 99-101 and 381-392
Hla Probe) or digoxigenin-UTP (incorporated into the Arf probe). The yield fmd (MIT Press, 1990).
integrity of riboprobes was confirmed by gel electrophoresis. At the end of this 14. Paxinos, G. The Rat Nervous System 1051-1063 (Academic Press Elsevier,
process, probes were purified by spin chromatography.
. - ! L 2004).

To detect Arc expression, mounted'seFtlon's were incubated with digoxigenin- ;5 Romanski, L. M. & LeDoux, J. E. Information cascade from primary auditory
labelled Arc riboprobe fol!owed by ant1—d1gox1gemn—P OD (1:500, ROCh?’ cortex to the amygdala: corticocortical and corticoamygdaloid projections of
11207733910) and a cyanine-3 substrate kit (1:50, NEL744001KT, PerkinElmer). :

) N . R temporal cortex in the rat. Cerebr. Cortex 3, 515-532 (1993).
After detection of the Arc riboprobe, the slides were treated with 2% H,O, to 16. S . . . : . .

) - . ) . Sacchetti, B., Lorenzini, C. A., Baldi, E., Tassoni, G. & Bucherelli, C. Auditory
quench residual POD activity. Fluorescein-labelled Hla probe was detected with thalamus. dorsal hippocampus. basolateral amyvedala. and perirhinal cortex role
anti-fluorescein-POD (1:500, Roche, 11426346910) and a fluorescein substrate kit . » dorsal ipp pus, | amygaata, P .

. . ; - . : in the consolidation of conditioned freezing to context and to acoustic
(1:50, NEL741001KT, PerkinElmer). Nuclei were counterstained with a mounting ditioned stimulus in th N ” 19, 9570-9578 (1999
media containing DAPI (Vector, H1200). The specificity of the labelling was conb 1t10nF stimu usl Int le rat. } EI;VDSCI.. 1’ 7k : ( : )- 4 for th
confirmed by omitting the riboprobes. 17. Lesl urgueres, E. et 'a . Early 'tag'glng o cort1ca' networks is required for the

Slides were imaged using a Leica SP5 confocal microscope using three lasers formation of enduring associative memory. Science 331, 924-928 (2011).
(488, 520 and 570 nm) corresponding to peaks in the emission spectra of DAPI 18. Martin, J. H. & Ghez, C. Pharmacologlcgl inactivation in the analysis of the
(cell nuclei), fluorescein (Hla mRNA) and Cy3 (Arc mRNA), respectively. The centra‘l control of movement. J. Neurosci. Methpds 8§, 145‘159_ (1999).
objective lens was set at x 63 magnification. Data were acquired using a z-stack 19 Schnélder, D. M. & Mooney, R. Motor-related signals in the auditory system for
(1-pm thickness per section in a stack), the height of which was determined by the listening and learning. Curr. Opin. Neurobiol. 27, 78-84 (2015).
penetration of one detectable probe per sample (usually 8-pm thickness per stack). ~ 20. Zhou, M. et al. Scaling down of balanced excitation and inhibition by active
The pinhole, photomultiplier tube gain and contrast settings were constant for all behavioral states in auditory cortex. Nat. Neurosci. 17, 841-850 (2014).
image stacks acquired from a slide. Cells were considered for analysis if the nucleus ~ 21. Remington, E. D., Osmanski, M. S. & Wang, X. An operant conditioning
was present in at least 4 sections of the z-stack. Only putative neurons were method for studying auditory behaviors in marmoset monkeys. PLoS ONE 7,
included in the analysis, and glial cells, identified from their small size (~5pum e47895 (2012).
diameter) and bright, uniform nuclear counterstaining, were excluded. Cells that 22. Xiong, Q., Znamenskiy, P. & Zador, A. M. Selective corticostriatal plasticity
were positive for both DAPI and Cy3 were considered Arc-positive, cells with both during acquisition of an auditory discrimination task. Nature 521, 348-351
DAPI and fluorescein were considered Hla-positive, and cells with DAPI, Cy3 and (2015).
fluorescein were positive for both mRNA. ) ) 23. de Oca, B. M., Minor, T. R. & Fanselow, M. S. Brief flight to a familiar enclosure

Cells counts were performed manually; to prevent bias, the experimenter was in response to a conditional stimulus in rats. J. Gen. Psychol. 134, 153-172
blinded to the relationship between the images and the behavioural conditions they (2007).
represented. Raw data were expressed as a percentage of the total neuronal nuclei 5, Gewirtz, J. C. & Davis, M. Using pavlovian higher-order conditioning
?nal?’sed fir stack. leplc?ny’ 16 c}c:nfo;al lzftaCkS (175 % 115 umds;]uare;f zoom paradigms to investigate the neural substrates of emotional learning and

raction, 1. ) were ta en from each animal: images were collected from four memory. Learn. Mem. 7, 257-266 (2000).
bilateral slides at two different anteroposterior coordinates (— 6.5 mm and 25. N . : . R
52,53 . . Nader, K. & LeDoux, J. The dopaminergic modulation of fear: quinpirole
—7.0mm from the bregma)~~>°. Due to the extension of Te2 cortex, two z-stacks S . - o )
. . impairs the recall of emotional memories in rats. Behav. Neurosci. 113, 152-165
were collected in every slide. In the lateral amygdala, 12 confocal z-stacks
; X L (1999).
(189 x 189 um square; zoom fraction, 1.3) were taken from each animal, taking six i L X
bi . : 26. Rescorla, R. A. in Contemporary Approaches to Conditioning and Learning
ilateral samples at two anteroposterior coordinates (— 2.6 mm and — 3.0 mm 4 : 4 hi )
from the bregma)52’53. The percentages of stained cells for different groups were (eds M‘{G‘”gan’ E.J. & Lumsden, D. B.) 127-150 (Washington DC:
presented as mean and s.e.m. In addition, the reactivation ratio was calculated V.H. Winston, 1973). o . ) )
as the percentage of doubly labelled cells divided by the percentage of Hla-positive ~ 27- Anderson, A. K. ef al. Dissociated neural representations of intensity and
cells33. valence in human olfaction. Nat. Neurosci. 6, 196-202 (2003).
28. Russell, J. A. A circumplex model of affect. J. Personal. Soc. Psychol. 39,
1161-1178 (1980).
Tissue preparation and histological procedures. See Supplementary Notes. 29. Reichelt, A. C. & Lee, J. L. Memory reconsolidation in aversive and appetitive
settings. Front. Behav. Neurosci. 7, 118 (2013).
. . . 30. Pastalkova, E. et al. St f spatial inf tion by th int
Statistical analyses. Concerning catFISH analysis, raw data were expressed as a astatcova, & ef @ slorage o spatia” information by the maintenance
. .. mechanism of LTP. Science 313, 1141-1144 (2006).
number of neurons expressing Arc, Hla or both genes divided for the total . . .
. . . 31. Kwapis, J. L. & Helmstetter, F. J. Does PKM(zeta) maintain memory? Brain Res.
neuronal nuclei analysed per stack. The percentages of stained cells for different Bull 105, 36-45 (2014)
groups were presented as mean (and s.e.m.). A two-tailed Student’s t-test was used 0 Gu l; _F ) M ine behaviorally rel | circuits with
for experiments with two groups, while for experiments with more than two groups - LuzOwsKd, J. F. et al. Mapp 1ng behavioraly re evant neura clreuits wit
we used one-way ANOVA followed by Newman-Keuls multiple comparisons test. 1mmed}ate—early gene expression. Curr. Opin. Neurobu.)l‘ _15 » 599-606 (2005).
33. Saddoris, M. P., Holland, P. C. & Gallagher, M. Associatively learned
representations of taste outcomes activate taste-encoding neural ensembles in
References gustatory cortex. J. Neurosci. 29, 15386-15396 (2009).
1. LeDoux, J. E. Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155-184  34. Lin, D. et al. Functional identification of an aggression locus in the mouse

(2000). hypothalamus. Nature 470, 221-226 (2011).

2. Paton, J. ], Belova, M. A,, Morrison, S. E. & Salzman, C. D. The primate 35. Fanselow, M. S. Factors governing one-trial contextual conditioning. Anim.

amygdala represents the positive and negative value of visual stimuli during Learn. Behav. 18, 264-270 (1990).

learning. Nature 439, 865-870 (2006). 36. Sacchetti, B., Scelfo, B., Tempia, F. & Strata, P. Long-term synaptic changes
3. Redondo, R. L. et al. Bidirectional switch of the valence associated with a induced in the cerebellar cortex by fear conditioning. Neuron 42, 973-982

hippocampal contextual memory engram. Nature 513, 426-430 (2014). (2004).

| 6:8886 | DOI: 10.1038/ncomms9886 | www.nature.com/naturecommunications 13

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

37.

38.

39.

40.

4

—_

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

—

52.

5

W

Hatfield, T., Han, J. S., Conley, M., Gallagher, M. & Holland, P. Neurotoxic
lesions of basolateral, but not central, amygdala interfere with Pavlovian
second-order conditioning and reinforcer devaluation effects. J. Neurosci. 16,
5256-5265 (1996).

Koya, E. et al. Targeted disruption of cocaine-activated nucleus accumbens
neurons prevents context-specific sensitization. Nat. Neurosci. 12, 1069-1073
(2009).

Cruz, F. C,, Javier Rubio, F. & Hope, B. T. Using c-fos to study neuronal
ensembles in corticostriatal circuitry of addiction. Brain. Res. doi:10.1016/
j.brainres (14) 2014.11.005 (2014).

Bao, S., Chan, V. T. & Merzenich, M. M. Cortical remodelling induced by
activity of ventral tegmental dopamine neurons. Nature 412, 79-83 (2001).

. Gonzalez-Lima, F. & Scheich, H. Ascending reticular activating system in the

rat: a 2-deoxyglucose study. Brain Res. 344, 70-88 (1985).

Gonzalez-Lima, F., Finkenstddt, T. & Ewert, J. P. Learning-related activation in
the auditory system of the rat produced by long-term habituation: a 2-
deoxyglucose study. Brain Res. 489, 67-79 (1989).

Wan, H. et al. Fos imaging reveals differential neuronal activation of areas of rat
temporal cortex by novel and familiar sounds. Eur. J. Neurosci. 14, 118-124
(2001).

Kwon, J. T,, Jhang, J., Kim, H. S., Lee, S. & Han, J. H. Brain region-specific
activity patterns after recent or remote memory retrieval of auditory
conditioned fear. Learn. Mem. 19, 487-494 (2012).

Pi, H. J. et al. Cortical interneurons that specialize in disinhibitory control.
Nature 503, 521-524 (2013).

Schafe, G. E. & LeDousx, J. E. Memory consolidation of auditory pavlovian fear
conditioning requires protein synthesis and protein kinase A in the amygdala.
J. Neurosci. 20, RC96 (2000).

Letzkus, J. J. et al. A disinhibitory microcircuit for associative fear learning in
the auditory cortex. Nature 480, 331-335 (2011).

David, S. V., Fritz, J. B. & Shamma, S. A. Task reward structure shapes rapid
receptive field plasticity in auditory cortex. Proc. Natl Acad. Sci. USA 109,
2144-2149 (2012).

Yin, P., Fritz, J. B. & Shamma, S. A. Rapid spectrotemporal plasticity in primary
auditory cortex during behavior. J. Neurosci. 34, 4396-4408 (2014).

Chavez, C. M., McGaugh, J. L. & Weinberger, N. M. The basolateral amygdala
modulates specific sensory memory representations in the cerebral cortex.
Neurobiol. Learn. Mem. 91, 382-392 (2009).

. Chavez, C. M., McGaugh, J. L. & Weinberger, N. M. Activation of the

basolateral amygdala induces long-term enhancement of specific memory
representations in the cerebral cortex. Neurobiol. Learn. Mem. 101, 8-18
(2013).

Paxinos, G. & Watson, C. The Rat Brain in Stereotaxic Coordinates
(Academic Press Elsevier, 1986).

. Zilles, K. The Cortex of the Rat (Springer-Verlag, 1985).

54. Taubenfeld, S. M., Wiig, K. A., Bear, M. F. & Alberini, C. M. A molecular
correlate of memory and amnesia in the hippocampus. Nat. Neurosci. 2,
309-310 (1999).

Acknowledgements

We are grateful to Dr P. Worley (Johns Hopkins University, Maryland, USA) for
providing plasmids containing the Arc and Hla in situ probes and to Dr T. Curran
(Philadelphia Research Institute, Pennsylvania, USA) and Dr B. Hope (Department of
Health and Human Services, Maryland, USA) for providing c-fos-lacZ transgenic rats.
We also thank V. Matarese for the critical reading of the manuscript. This work was
supported by grants from the European Research Council (ERC) under the European
Union’s Seventh Framework Program (FP7/2007-2013)/ERC grant agreement no.
281072 and the ‘Compagnia di San Paolo, Progetto d’Ateneo’, University of Turin 2011
no. 811M33N.

Author contributions

A.G. devised, carried out and analysed behavioural and catFISH experiments; M.C. and
A.R. carried out and analysed the behavioural experiments; G.M. provided advice in
planning and interpreting the catFISH experiments; L.M. performed immunohisto-
chemical analysis; T.S. provided advice in planning and interpreting behavioural and
catFISH experiments; B.S. helped devise the experiments and wrote the manuscript with
input from A.G.,, G.M. and T.S. All authors discussed the results and commented on the
manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Grosso, A. et al. The higher order auditory cortex is involved
in the assignment of affective value to sensory stimuli. Nat. Commun. 6:8886

doi: 10.1038/ncomms9886 (2015).

This work is licensed under a Creative Commons Attribution 4.0
By International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:8886 | DOI: 10.1038/ncomms9886 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://dx.doi.org/10.1016/j.brainres (14) 2014.11.005
http://dx.doi.org/10.1016/j.brainres (14) 2014.11.005
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Te2 is involved in the formation of remote fear memories
	Te2 associates sensory cues with their affective properties

	Figure™1Te2 is necessary for the early formation and the subsequent storage of fear memories, independent of the motor responses paired to learned fear stimuli.(a) Experimental design for remote memory testing after first-order fear conditioning; Musc, mu
	Te2 is necessary for remote appetitive memories

	Figure™2Te2 encodes the emotional valence of sensory stimuli.(a) Experimental design for sensory preconditioning. (b) Experimental design for second-order conditioning. CS1, odour; CS2, tone. TTX, tetrodotoxin; Musc, muscimol. (c) In the sensory precondit
	Te2 neurons for pleasant or unpleasant values

	Figure™3Higher order sensory cortices are needed for the storage of remote appetitive memories.(a) Experimental design for first-order appetitive conditioning. (b) Time spent in the food cup searching for a reward in response to the CS, for naive uncondit
	Te2 neurons encode the learned valence of stimuli

	Figure™4Te2 activity following the recall of aversive or appetitive remote memories.(a) Experimental design for appetitive-fear conditioning. Rats were trained to associate two different auditory stimuli (CSs) to opposite emotional experiences. One month 
	Te2 neurons reflect associative processes

	Figure™5Te2 neurons encode the memory valence but not the salience nor the different behavioural response.(a) A more intense aversive memory was obtained by increasing the strength of aversive conditioning (app-fearShortUpArrowShortUpArrow, n=4). Freezing
	Value-coding neurons in the lateral amygdala
	Te2 neurons targeted disruption impairs memory retention

	Figure™6Neuronal activity in Te2 signals the affective valence acquired by auditory CSs but is unchanged following unconditioned affective stimulation.(a,b) Representative fluorescent photomicrographs of H1a (green arrows), Arc (red arrows) and doubly (ye
	Figure™7Anatomically distinct neurons in the lateral amygdala reflect emotionally charged unconditioned and learned stimuli.(a) catFISH analysis was performed in the lateral region of the amygdala (lateral amygdala). Plates adapted from the Zilles atlas53
	Figure™8Fearful memory-activated cortical neurons are essential for the storage and retention of remote fear, but not incentive, memories.(a) Experimental design for Daun02 inactivation. c-fos-lacZ transgenic (Tg, n=6) and wild-type (Wt, n=5) rats were ex
	Discussion
	Methods
	Animals
	Stereotaxic surgery for Te2 and Oc2L treatments
	First-order fear conditioning
	Tests of first-order fear memory retention
	Sensory preconditioning
	Second-order fear conditioning
	Appetitive-to-fear conditioning
	First-order appetitive conditioning
	Conditioning protocols prior to catFISH analyses
	Chocolate-footshock unconditioned stimulation
	Fluorescent in™situ hybridization (catFISH)
	Tissue preparation and histological procedures
	Statistical analyses

	LeDouxJ. E.Emotion circuits in the brainAnnu. Rev. Neurosci.231551842000PatonJ. J.BelovaM. A.MorrisonS. E.SalzmanC. D.The primate amygdala represents the positive and negative value of visual stimuli during learningNature4398658702006RedondoR. L.Bidirecti
	We are grateful to Dr P. Worley (Johns Hopkins University, Maryland, USA) for providing plasmids containing the Arc and H1a in™situ probes and to Dr T. Curran (Philadelphia Research Institute, Pennsylvania, USA) and Dr B. Hope (Department of Health and Hu
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information


